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To all whom it may concern: 
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have invented certain new and useful improvements in 

THICKNESS MEASURING SYSTEMS AND METHODS 
USING A CAVITY RESONATOR 
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THICKNESS MEASURING SYSTEMS AND METHODS 
USING A CAVITY RESONATOR 

FIELD OF THE INVENTION 
[0001] The present invention relates generally to the field of 
measurements. More particularly, the present invention relates to non- 
destructive^ measuring the thickness of a film using electromagnetic cavity 
resonance principles. 

BACKGROUND OF THE INVENTION 
[0002] Non-destructive measurement of a film thickness is an 
important objective for many industries. For example, in the aircraft industry 
paint for functional and decorative purposes is often applied to control surfaces 
which may have near critical weight. Also, prior to applying a surface paint, care 
must be taken to make sure that an adequate amount of primer is applied. To act 
as a proper corrosion inhibitor the primer must typically be applied uniformly to a 
desired thickness. For example, in some aircraft applications, a desired thickness 
is between 0.4 and 1.0 mils (thousandths of an inch) to the surface of the 
substrate. Moreover, depending on the model of aircraft over 500 pounds of 
primer paint may be applied to each aircraft according to customer specifications. 
Since the weight and distribution of paint on control surfaces may sometimes 
affect the performance of the aircraft it is desirable to apply and measure the paint 

1 



Docket No. 05165.1280 
Customer No. 30734 



PATENT 



in a controlled means and generally to keep the thickness to a minimum. This 
measurement is desirable to insure that the primer is sufficiently thick for 
corrosion protection, but not so thick as to unnecessarily add to the weight of the 
airplane and affect fuel efficiency. After the primer thickness is determined to be 
of sufficient thickness, a top coat can be applied. 

[0003] Control surface components that are made of a metallic 
material can have their coatings measured by several conventional commercial 
tools. However, increasingly more components are now manufactured from 
composite materials such as carbon fiber epoxy or fiberglass. These materials are 
difficult to measure using conventional techniques since they are only semi- 
conductive at best. 

[0004] Another conventional alternative is to wait for the paint to dry 
and measure thickness indirectly by weighing the component in question. This 
can result in an undesirable cycle delay of, for example, up to three hours. When 
primer needs to be measured on a composite component, the component is first 
weighed and then painted. Since no direct measurement technology is available 
for composite materials, when the primer is suspected of being too thick or 
uneven, the component typically must be disassembled and repainted at 
significant cost and risk of damage. 

[0005) Commercial ultrasonic measurement systems, such as 

Panametric 45L Deluxe®, are available which give some paint measurement 

thickness data for some types of composites. The Panametric 45L Deluxe® is 
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useable for relatively thick coatings, but for thin coatings of paint this ultrasonic 
system is not sufficiently reliable to meet usual aircraft specification 
requirements. 

[0006] Additionally, the non-destructive measurement of film 
thickness is of concern to other industries such as both the automotive industry 
and the paper production industry. In the automotive industry, the analysis of the 
primer paint thickness is important, for example, to determine whether additional 
touchup work is required for some of the exotic paint applications common to the 
industry. In the paper industry, maintaining a check on the uniformity of the 
paper with a sensor can be an important quality control issue. In both these 
industries, and with the increasing use of composite materials, it has become 
apparent that current methods of measurement that work on metal lies or thick 
films but not on semi-conductive materials or thin films are not sufficient. 

[0007] Therefore, there is a need in various industries for systems and 
methods that are capable of non-destructively measuring the thickness of thin film 
materials and verify that the thickness is within specifications. 

SUMMARY OF THE INVENTION 

[0008] The foregoing needs are met, to a great extent, by the present 

invention, wherein in some embodiments systems and methods are provided that 

are capable of non-destructively measuring the thickness of thin film materials 

and/or verifying that the thickness is within specifications. 
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[0009] In accordance with one embodiment of the present invention, a 
thickness measurement system is provided, comprising an electromagnetic cavity 
resonator having an exposed side, a signal decoupler coupled to the cavity 
resonator, an signal amplitude detector coupled to the decoupler, a frequency 
signal generator coupled to the processing unit and to the decoupler, and a 
processing unit coupled to the amplitude detector that processes, a correlating 
algorithm correlating a resonant frequency shift detected by the amplitude 
detector to a surface thickness of a sample being measured. 

[0010] In accordance with another embodiment of the present 
invention, a thickness measurement system is provided, comprising a resonating 
means for resonating an electromagnetic signal, having an exposed side, a 
decoupler means for decoupling signals from the resonating means, and 
connected to the resonating means, an signal detecting means for detecting an 
amplitude of signals from the decoupler means, and connected to the decoupler 
means, a frequency signal generating means for generating frequency signals, 
coupled to the processing means and the decoupler means, and a processing 
means for processing, coupled to the signal detecting means, or having correlating 
means for correlating means for correlating a resonant frequency shift detected by 
the detecting means to a surface thickness of a sample being measured. 

[0011] In accordance with yet another embodiment of the present 

invention, a method for thickness measurement is provided, comprising the steps 

of abutting an open faced electromagnetic cavity resonator to a sample having a 
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film thickness, sweeping frequencies in the cavity resonator using a signal 
generator having a Gunplexer, detecting a resonant frequency of the cavity 
resonator using a reflected energy detector, and determining the thickness of the 
film from a correlation of a shift of the resonant frequency. 

[0012] There has thus been outlined, rather broadly, certain 
embodiments of the invention in order that the detailed description thereof herein 
may be better understood, and in order that the present contribution to the art may 
be better appreciated. There are, of course, additional embodiments of the 
invention that will be described below and which will form the subject matter of 
the claims appended hereto. 

[0013] In this respect, before explaining at least one embodiment of 
the invention in detail, it is to be understood that the invention is not limited in its 
application to the details of construction and to the arrangements of the 
components set forth in the following description or illustrated in the drawings. 
The invention is capable of embodiments in addition to those described and of 
being practiced and carried out in various ways. Also, it is to be understood that 
the phraseology and terminology employed herein, as well as the abstract, are for 
the purpose of description and should not be regarded as limiting. 

[0014] As such, those skilled in the art will appreciate that the 

conception upon which this disclosure is based may readily be utilized as a basis 

for the designing of other structures, methods and systems for carrying out the 

several purposes of the present invention. It is important, therefore, that the 
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claims be regarded as including such equivalent constructions insofar as they do 
not depart from the spirit and scope of the present invention. 



BRIEF DESCRIPTION OF THE DRAWINGS 
[0015] FIG. 1 is a block diagram of an exemplary measuring system 
according to an embodiment of the invention. 

[0016] FIG. 2 is a circuit diagram of a resonant circuit. 
[0017] FIG. 3 is a power angle diagram. 

[0018] FIG. 4 is a power vector diagram in a real-imaginary plane. 
[0019] FIG. 5. is a circuit diagram of a modified resonant circuit. 
[0020] FIG. 6 is an illustration of another exemplary measuring 

system. 

[0021] FIG. 7 is a graph illustrating an exemplary resonance frequency 
versus thickness response. 

[0022] FIG. 8 is a graph illustrating an exemplary resonance frequency 
versus drive voltage response. 

[0023] FIG. 9 is an illustration of an exemplary cavity resonator 
apparatus. 



DETAILED DESCRIPTION 

[0024] The present invention provides embodiments that result in a 

portable and accurate system, that will also work for poorly conductive substrates. 
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The invention will now be described with reference to the drawing figures, in 
which like reference numerals refer to like parts throughout. 

[0025] FIG. 1 is a block diagram of an exemplary measuring system 
10. The exemplary measuring system 10 is shown with a test object 2 in 
proximity to an exemplary cavity resonator 4. The cavity resonator 4 has an 
exposed face and is connected via a line 5 to a decoupler 6. The decoupler 6, in 
turn, is connected to an amplitude meter 8 and a frequency generator 1 2 via lines 
7. The amplitude meter 8 is connected to a decision and display unit 14 via line 
9. The frequency generator 12 is also connected to the decision and display unit 
14 via line 11. 

[0026] In operation, the cavity resonator 4 is affixed to the sample or 
test object 2 with the exposed face abutting the test object 2. That is, the surface 
of the test object 2 operates to form a "wall" of the cavity resonator 4 and thereby 
form a complete electrical circuit. The frequency generator 12 is engaged to 
provide a signal input at many different frequencies which passes through the 
decoupler 6 and into the cavity resonator 4. When the signal input arrives at the 
cavity resonator 4, part of the signal is reflected and travels back into the 
decoupler 6, which passes it on to the amplitude meter 8. The amplitude meter 8 
takes the reflected wave and reports an amplitude to the decision and display unit 
14. The decision and display unit 14 also receives the frequencies used from the 
frequency generator 12. The frequency of the input that provided the smallest 
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reflected wave is evaluated based on Eq. (3) (provided below) to determine the 
thickness of the paint or surface material on the test object 2. 

[0027] When the amplitude meter 8 registers a minimum real power 
(i.e., power is absorbed by the system), resonance of the cavity resonator 4 has 
been obtained and the resonant frequency is resolved. The decision and display 
unit 14 then correlates the shift in frequency to arrive at the corresponding 
thickness and displays this thickness for the user to read or to an external device, 
for example, a controller such as a PC. In the exemplary embodiment 10, the 
decision and display unit 1 1 is performed by a Hewlett-Packard 8510 network 
analyzer. The frequencies generated by the exemplary frequency generator 12 is 
preferably provided by a Gunplexer. 

[0028] FIG. 2-5 illustrate some principles of circuits as used in some 
embodiments of the invention, FIG. 2 is a diagram of a resonant circuit 20 is 
shown having a capacitive element 22 in parallel with an inductive element 24. 
From circuit theory it is known that the impedance Z c of the capacitor 22 and Z L 
of the inductor 24 are a function of frequency: 

Zc = — - — , Eq. 1 

jcoC 

Zl = jcoL , Eq. 2 

where C is the capacitance of the capacitor 22, L is the inductance of the inductor 
24, j is an imaginary number, and co is the radian frequency. At any specified 
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input signal frequency /, the power in the circuit 20 can be complex S, having an 
imaginary component Q and a real component P, which can be represented by a 
power angle diagram. 

[0029] FIG. 3 illustrates a power angle diagram 30. The power vector 
8 can have a positive angle 0 or a negative angle -0, depending on the value of the 
imaginary power component Q. If Q is positive, then the circuit 20 is 
predominately inductive. If Q is negative, then the circuit 20 is predominately 
capacitive. For illustrative purposes only the diagram 30 shows the circuit 20 as 
being inductive. 

[0030] FIG. 4 is an illustration of the power vector S in a real- 
imaginary plane 40. The "x-axis" 42 of the real-imaginary plane 40 represents a 
purely resistive power - equivalent to P in the diagram 30 of FIG. 3. The "y- 
axis" 44 represents a purely reactive power - equivalent to Q in the diagram 30 of 
FIG. 3. Here, the power vector S 46 is shown to have a negative angle 0 48. 
Therefore, in this instance the power vector S 46 connotes a capacitive circuit. 

[0031] When a circuit with reactive elements is either capacitive or 

inductive, there will be a non-zero angle 0. However, when 0 is zero, only real 

power (shown on the x-axis as P) will be consumed by the circuit. When a circuit 

has both inductive and capacitive elements, the situation where 0 = zero can only 

occur when the circuit is in resonance (i.e., 1 = icoL ). This, of course, occurs 

jcoC J 
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when the frequency / is such that the two terms above cancel out. For known 
values of L and C, the resonant frequency is determinable as : 



Therefore, for a given circuit, the resonant frequency f 0 is a fixed value. If a 
circuit, such as shown in FIG. 2, is modified with an incremental inductance 
AL and incremental capacitance AC, then Eq. 3 will be affected accordingly, and 
the resonant frequency f 0 will shift. 

[0032] FIG. 5 is an illustration of a circuit 50 having incremental A L 
52 and A C 54 added to the system of FIG. 2. It is apparent that there is a 
proportional relationship between the shift in resonant frequency f 0 and the 
incremental impedances added to the system. An exploitation of this relationship 
is devised herein to correlate a thickness of a known material with the resulting 
effect on the resonance of a resonating cavity system. In particular, if one face of 
a resonating cavity is replaced with a material that alters the impedance of the 
resonating cavity, the natural or resonant frequency of the resonating cavity will 
shift. By correlating the amount of the shift in frequency with the thickness of the 
material, a thickness measuring system can be devised. The principles of 
resonating cavities are well known and can be found in such treatises such as 
"Foundations for Microwave Engineering" by R.E. Collin, McGraw-Hill Inc., 
1966. 

[0033] FIG. 6 is a block diagram of another exemplary measurement 
system 60. The exemplary system 60 is similar to the system 10 of FIG. 1 , but is 




Eq. 3 
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implemented in a slightly different manner. The exemplary system 60 contains a 
cavity resonator 64 connected to a power meter 66 via a signal line 61. The 
cavity resonator 64 is also connected to a frequency generating Gunplexer 68 via 
a signal line 61. The Gunplexer 68 is powered by a DC power supply 72 and 
controlled by a DC varactor 70, via lines 61 . 

[0034] In operation, the Gunplexer 68 is energized by the power 
supply 72 and is frequency controlled by a DC voltage supplied via the varactor 
70 to the voltage sensitive frequency (e.g. VCO) input of the Gunplexer 68. As 
the input voltage is varied, the Gunplexer' s output frequency will vary. The 
varied output frequency is channeled to the cavity resonator 64 and the power 
dissipated by the cavity resonator 64 is detected by the power meter 66. Based on 
the power meter's 66 response, the user can adjust the varactor 70 to arrive at the 
resonant frequency. 

[0035] A preferred Gunplexer 68 in the exemplary embodiments of 
FIGS. 1 and 6 is made by AR2 Communications Products and has a frequency 
modulated transceiver that incorporates an oscillator and Schottky mixer diodes. 
The Gunplexer is sometimes called a Gunn oscillator or Gunn diode and is 
preferably capable of operating in the 10 GHz and higher radio frequency band. 

[0036] In the exemplary embodiments of FIGS. 1 and 6, the Gunn 

diode 68 is configured to directly convert DC to RF energy at a preset of 10.680 

GHz. It should be appreciated that Gunn diodes can be preset to other 

frequencies and other power setting as well, according to design preferences. 
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Since the Gunn diode is sensitive to temperature changes, a temperature regulator 
or heater may be implemented to regulate the Gunn diode. 

[0037] A tuning varactor 70 is mounted close to the Gunn diode 
which will deviate or vary the fundamental frequency by typically 60 MHz when 
an appropriate tuning voltage is applied. When the oscillations are in resonance 
in the cavity resonator 64, an increase in real voltage in the resonant system is 
generated that can be related to the material or paint thickness because the "front 
wall" of the cavity resonator 64 is the test object 2 having the material or paint 
thickness. The operator, or by decision from the decision and display unit 14, can 
tune to the resonant frequency of the test object 2, much like tuning a radio to the 
best signal for a favorite radio station. 

[0038] Due to the use of a Gunn diode, the exemplary measurement 
systems 10 and 60 provides a more reliable measurement value than prior art 
systems. Specifically, the relative amplitude output of the cavity resonator 4 or 
64 is used to determine which of the frequencies input into the cavity resonator 4 
or 64 corresponds to the resonant frequency f 0 rather than an absolute amplitude. 
Since the absolute amplitude of the output is not relied upon, no assumptions are 
required concerning the amplitude of the oscillator output. That is, stability to an 
absolute voltage of the oscillator is not necessary. Therefore, the oscillator 
amplitude may drift with time without affecting the measurement. This provides 
an additional degree of freedom over prior art systems. 
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[0039] Also, by using a Gunplexer or Gunn diode as a signal source, a 
smaller packaging of the exemplary systems can be accomplished, since a typical 
frequency generator is not needed. Another advantage over contemporary 
systems is that there is no "reference voltage" required for the Gunplexer and 
since a variable frequency discrimination is used, a greater versatility can be 
achieved. 

[0040] Based on the system 1 0 and 60 of FIGS. 1 and 6, respectively, 
several samples of composite materials were tested for film thickness 
determination. These samples had varying thickness of paint and were measured 
with a precision height gauge to determine paint thickness at discrete areas on the 
samples. Each sample contained a base spot where the paint is removed to a 
predetermined level to establish a reference surface thickness. The samples were 
then tested using the exemplary systems, wherein data was read and recorded for 
each sample using a minimum value of 1 1 reflections using an HP85 10 network 
analyzer. 

[0041] FIGS. 7 and 8 are an exemplary charts 70 and 80, respectively, 

showing the measured frequency response for the samples discussed above as 

compared to theoretical predictions. From FIG. 7, it is apparent that the thickness 

of the samples and the frequency response are substantially linearly related. 

Specifically, in FIG. 7 the diamond annotated theoretical line (paint or carbon 

epoxy) has a slope of approximately 0.0063 and a y-intercept of approximately 

10.546 GHz. The square annotated measured response line has a slope of 
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approximately- 0.01 6 and ay-intercept of approximately 10.6 GHz. It should be 
noted here, that the linear relationship of the measured data compares very 
favorably with the theoretical data. Accordingly, the linear relationship appears 
to demonstrate an approximate 6.3MHz change per mil of paint thickness. 

[0042] In FIG. 8, a comparison of the frequency shift and the drive 
voltage shows a near identical relationship as seen in FIG. 7, having an 
approximate shift of 6MHz per drive voltage. Therefore, based on the results 
shown in FIGS. 7 and 8, it can be expected that with minor adjustment to the 
theoretical model, an accurate measurement of less than 0.5 thousandths of an 
inch of thickness can be obtained in practice for some paint thickness. 

[0043] FIG. 9 is an illustration of an exemplary cavity resonator 
apparatus 90. The exemplary apparatus 90 has a three chamber cavity resonator 
92 of a Filtek design. The cavity resonator 92 is fed a frequency signal via input 
cable 93 and the power is output by cable 95. The cavity resonator 92 is secured 
to the sample 94 via two suction assemblies 96 that flank the cavity resonator 92. 
Suction tubes 97 are shown attached to the suction assemblies 96. The cavity 
resonator 92 and the suction assemblies 96 are supported via a plate 98 (shown 
here as a plexiglass sheet). The suction tubes 97 are connected to a suction- 
generating device (not shown) which, when engaged, generate a suction in the 
suction assemblies 96 and press the cavity resonator 92 uniformly and with a 
constant pressure upon the sample 94. 
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[0044] The exemplary cavity resonator 92 is of three chamber design 
which results in a narrower resonance response than conventional systems and, 
hence, a more accurate measurement. Therefore, by narrowing the critical 
resonance and providing a more stable frequency response, a more accurate 
measurement can be required. Of course, by design preference, more or less 
resonating chambers may be implemented. 

[0045] Additional refinements can be made to the attachment 
apparatus 90, such as, for example, implementing a signal switch about the input 
section of the resonator 92 or a bypass filter. Also, while FIG. 9 illustrates two 
suction assemblies 96 more, or even less, suction assemblies 96 maybe utilized, 
as desired. For example, one can easily modify the current design to have the 
cavity resonator 92 centered within a single and "larger" suction assembly 86 to 
facilitate a "one-piece" type design. 

[0046] Due to the ability to measure film thickness or composite 
materials, embodiments of this invention may be used to study film on carbon 
fiber honeycomb or fiberglass honeycomb materials that have an electrically 
conductive layer. For example, advanced helicopter blades are known to be 
composed of a carbon fiber epoxy with an imbedded copper grid. An additional 
application of embodiments of this invention can also be in the measurement of 
the vapor barrier used in the fuel cells. 

[0047] The many features and advantages of the invention are 

apparent from the detailed specification, and thus, it is intended by the appended 
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claims to cover all such features and advantages of the invention which fall within 
the true spirit and scope of the invention. Further, since numerous modifications 
and variations will readily occur to those skilled in the art, it is not desired to limit 
the invention to the exact construction and operation illustrated and described, 
and accordingly, all suitable modifications and equivalents may be resorted to, 
falling within the scope of the invention. 
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